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Abstract: This article reviews imaging approaches applied to the study of stroke in nonhuman primates. We briefly sur- 
vey the various surgical and minimally invasive experimental stroke models in nonhuman primates, followed by a sum- 
mary of studies using computed tomography, positron emission tomography and magnetic resonance imaging and spec- 
troscopy to monitor stroke from the hyperacute phase (within minutes of the onset of cerebral ischemia) to the chronic 
phase (1 month and beyond). 
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INTRODUCTION 

Stroke is the third leading cause of death in the United 
States of America and experimental models of stroke con- 
tinue to be invaluable for studying all aspects of stroke initia- 
tion, evolution as well as investigating the efficacy of poten- 
tial therapies. The brains of non-human primates (NHPs) are 
structurally and functionally more similar to human brain 
than any other animal. In addition, the NHPs, physiology is 
also similar to that of humans and as such, stroke models 
have been especially important in neuroscience research. 
However, NHPs are used in limited numbers due to strict 
animal committee regulations which only allow the use of 
NHPs for neuroscience research, if the knowledge gained 
outweighs the potential pain and suffering that the animals 
may undergo and the physical and psychological well being 
of the animals are guaranteed. Recently, not only has there 
been a steady increase in the use of non-invasive imaging to 
study the NHP brain, there has also been the development of 
stroke models that are created using minimally invasive sur- 
gical procedures. These models are important for the follow- 
ing reasons; they do not involve prolonged surgical plane 
anesthesia hence the amount of anesthetic stress is mini- 
mized, the post surgical recovery period is shortened and 
the recovery after stroke and the overall survival rate (for 
long term monitoring) are greatly improved. 

This paper reviews the use of imaging in the study of 
stroke in nonhuman primates. We will introduce the reader 
to the MCA vascular anatomy and explore various experi- 
mental models of stroke creation in non-human primates 
(NHPs). We will review the non-invasive imaging method- 
ologies used in stroke research with a focus on CT, PET and 
MRI. Finally, we will review emerging MRI techniques that 
may prove invaluable for long term study of stroke 
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in NHPs, particularly functional recovery and emerging 
therapies. 

NEUROVASCULAR ANATOMY IN NHP 

The neurovascular anatomy in NHPs is very similar to 
that in humans and can be visualized by minimally invasive 
Digital Subtraction X-ray Angiography (DSA, Fig. 1) which 
shows the major cerebral arteries in one hemisphere of a 
macaque brain. While DSA allows exquisite visualization of 
the cerebral vasculature and is widely used clinically for 
assessing and treating acute stroke patients, in NHP models 
DSA has been used only to facilitate the process of stroke 
creation, as described below. 

METHODS OF STROKE CREATION IN NHP 

Middle cerebral artery (MCA) occlusion models in non- 
human primates have employed a variety of surgical ap- 
proaches; femoral or common carotid artery cannulation (to 
gain access to the MCA with endovascular catheters), direct 
access to the MCA via a cranial window or using a transorbi- 
tal surgical route. Models which create small, selective MCA 
infarctions have long been reported and are highly desirable 
because the investigator is able to select the precise sen- 
sory/motor territory either through a small burr hole (Try- 
panectomy) in the skull or via the orbital socket. For exam- 
ple, Bornschlegl, et ah used a surgical approach which in- 
volved drilling a burr hole (in the skull) directly above the 
thalamus followed by lesioning of the thalamic nuclei (appli- 
cation of a small amount of kainic acid) to produce a range 
of motor deficits in the brains of macaques (M fasicularis) 
[1]. A more invasive method which involves removal of a 
skull flap (craniotomy) has also been used in squirrel mon- 
keys [2] and these methods also allow creation of small, re- 
producible stroke lesions at the selected site. In addition, 
Roitberg et al used a highly invasive surgical approach, a 
pterional craniectomy, to expose the Ml branch of the MCA 
[3]. This model resulted in large strokes with severe neuro- 
logical consequences. 
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Fig. (1). Posterior- Anterior X-ray subtraction angiogram obtained during tracer injection via a guide catheter placed in the right CCA in a 
macaque. Major cerebral vessels are annotated: CCA-common carotid artery, ECA-external carotid artery, ICA-internal carotid artery (sup- 
plying the brain), MCA-middle cerebral artery, Ml -branch of the MCA. White arrow at the top indicates the midline of the brain. 



These surgical approaches have been coupled with vari- 
ous means to artificially embolize the MCA. For example, 
silicone spheres were delivered to the ICA via the classic 
intraluminal suture model route in Macacca mulatta [4] and 
autologous blood clots injected into the ICA in cynomolgus 
macaques [5]. In addition, inflatable balloons have been 
placed around the MCA (via the transorbital MCA route in 
baboons) [6] and inflated to occlude the ICA. Clot obstruc- 
tion of the MCA (the thromboembolic model) is a highly 
desirable method for stroke creation as it closely mimics 
actual clot obstruction in humans. However, the challenge 
with this model is creating a clot with the proper rheological 
properties that is not easily lysed by the body's antithrom- 
botic mechanisms. Successful embolization of the MCA us- 
ing such clots have been demonstrated in baboons [6] and 
cynomolgus macaques [5, 7]. 

Mechanical blockage of the MCA is the technique used 
in the classic intraluminal suture model, where an intravas- 
cular catheter is advanced into the ICA and a solid filament, 
suture, is inserted and advanced into the ICA until there is 
resistance i.e., the vessel is occluded. This is a technique 
most frequently used in rodent stroke models, especially in 
MR imaging studies. Endo vascular access to the MCA vas- 
culature involves surgical cutdown to directly visualize the 
CCA. In the models described hereafter, cerebral vascular 
access is via the femoral artery. The intraluminal suture 
model was adapted by Hamberg, et al. to produce MCA oc- 
clusion (MCAo) in baboons [8]. An angiographic guide 
catheter was introduced into the femoral artery and navigated 
under X-ray fluoroscopic guidance into the MCA, followed 



by occlusion of the vessel with either an angiographic bal- 
loon catheter or an angiographic coil. A reperfusion model 
involving two cerebral vessels has been reported by Jungreis 
et al, [9]. This model involves permanent embolization of 
one posterior communicating artery (PCA) with detachable 
embolization coils together with temporary (inflatable bal- 
loon) occlusion of the other PCA, reperfusion ensues after 
deflation of the balloon. Selectively catheterizing branches 
of the MCA using interventional procedures is clearly the 
least invasive method of stroke creation. 

Further modification of the baboon MCAo model was 
effected to create a reversible model of MCAo in cynomol- 
gus macaques [10, 11]. An endovascular microcatheter was 
wedged occlusively in the Ml branch of the MCA (Fig. 2) in 
cynomolgus macaques for a period of up to 3 hours; the 
catheter was "locked" in place by fixing the proximal end 
within the guide catheter. Reperfusion was effected by sim- 
ply withdrawing the microcatheter. This model used diffu- 
sion and perfusion MRI to study acute and chronic stroke 
evolution for up to 30 days [12] . 

Permanent occlusion of the MCA can also be achieved, 
using the same approach, by injection of a bolus of 
cyanoacrylate adhesive into the MCA via the microcatheter 
[11]. A modification of this approach, using detachable mi- 
crocoils to temporarily occlude the posterior cerebral artery 
in Macacca nemestrina [13] and the anterior cerebral artery 
in baboons [14] has also been demonstrated. 

One key feature of any stroke model used in neurosci- 
ence research is the reproducibility of the location and extent 
of the ischemic lesion. Direct MCA occlusion models allow 
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Fig. (2). (A) lateral angiogram of a macaque's brain, pre-occlusion showing the arterial tree downstream of the guide catheter positioned 
within the CCA. (B) lateral X-ray of the head showing the microcatheter positioned in the MCA. (C) lateral angiogram, post-occlusion 
through the microcatheter showing the wedge shaped perfusion deficit (Ml Rolandic cortex). Adapted from [10]. 



external visualization of the vascular anatomy and precise 
control of the segment of the vessel to be occluded and these 
methods produce small, highly reproducible ischemic le- 
sions. Methods based on an intravascular approach; for ex- 
ample balloon inflation within the vessel, wedging an en- 
dovascular catheter in the vessel, tend to produce lesions that 
are somewhat more variable as these models are highly de- 
pendent on the size of the vessels (vary between animals) to 
be occluded as well as the skill of the person performing the 
vascular interventional procedures. 

The embolic models can be the most variable, especially 
using blood clots, since there is a relative lack of control 
during deployment of the embolus within the vessel. There is 
also the potential for spontaneous autolysis of the emboli. 
Another key variable which affects stroke lesion size is the 
arterial occlusion duration: a proximal Ml MCAo for 3 
hours reliably results in a permanent infarct which is larger if 
the vessel is permanently occluded [12]. There is also data to 
suggest that more distal branch occlusions may not always 
result in an infarct even after 6 hours of occlusion [15]. Fur- 
ther discussion of the role of occlusion duration in NHP 
stroke models is provided by Young, et al. [15]. 

VISUALIZING ACUTE STROKE 

While the purpose of non-invasive imaging in human 
stroke is purely for diagnostic/prognostic reasons, these im- 
aging modalities are used as investigational tools in NHP 
studies that seek to answer specific scientific questions about 
stroke initiation and evolution. Several tomographic imaging 
modalities used to image human stroke patients have also 
been used to image stroke models in NHPs. Due to the wide- 
spread availability of CT scanners, a number of studies (es- 
pecially the early ones) have used this modality to monitor 
stroke evolution. A few studies have been performed using 
PET, mainly to monitor cerebral perfusion and metabolic 
changes during stroke. More recently, an increasing number 
of papers have been published using MRI to monitor stroke 
evolution in NHPs. MRI is becoming the method of choice 
for such studies due to its excellent soft tissue contrast, its 
ability to measure a variety of different parameters relevant 
to cerebral ischemia and a number of recent technical ad- 
vances which have improved image quality in the small pri- 
mate brains. Although MRI provides superior structural and 
hemodynamic information regarding the status of the stroked 
brain, it is not the first modality of choice in an emergency 



room setting. In the emergency acute stroke setting, the first 
imaging modality used is typically non-contrast CT for de- 
tecting hemorrhage followed, in some centers, by contrast 
enhanced CT angiography for determining the presence and 
location of vascular emboli. However, in NHP studies MRI 
has shown its superior quality for detecting stroke and moni- 
toring stroke evolution, from the early hyperacute stage (30 
minutes after stroke onset) through the chronic period, 30 
days [11, 12]. 

Another important consideration for imaging the brains 
of NHPs is the size of the animal. Due to their size, ma- 
caques and baboons have typically been studied using clini- 
cal CT, PET and MRI scanners, while a few studies on 
smaller primates such as squirrel monkeys and marmosets 
have used dedicated small animal MRI scanners. 

Computed Tomography 

Computed Tomography (CT) scanning is routinely used 
in the clinical assessment of cerebral ischemia, in particular 
hemorrhagic stroke although it is not always reliable in de- 
termining exact infarct location during the hyperacute period 
(0-5 hours post occlusion) [16]. CT scanning has also been 
used in neuroimaging studies of experimental stroke in non- 
human primates. Del Zoppo et al., performed serial CT 
scanning on baboon brains at baseline and during the acute 
through chronic period post MCAo [6]. The infarcted re- 
gions were identified as hypodense regions (chronic period) 
and hemorrhage as regions of high density (in the acute pe- 
riod), compared to the surrounding tissues in the CT scans. 
These findings were confirmed with histopathology. In addi- 
tion, Hamberg, et al. [8] used functional (perfusion) CT to 
identify the initial cerebral perfusion deficits which predicted 
final infarct size. 

Positron Emission Tomography (PET) 

Positron emission tomography (PET) can employ a wide 
range of radiotracers to extract functional and metabolic in- 
formation from living systems. In the context of stroke, the 
most widely used approaches involve 2- 18 F-fluoro-2-deoxy- 
D-glucose (FDG) to measure relative or absolute brain glu- 
cose metabolism (CMRglu), 15 0 water injection to measure 
regional cerebral blood flow, 15 0 2 gas to measure oxygen 
metabolism (CMR0 2 ) and oxygen extraction ratio (OER). 
Dual tracer approaches (i.e. use of 2 tracers in the same im- 
aging session) are possible due to the large difference in de- 
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Fig. (3). (A) Coronal T2 weighted and (B) diffusion weighted images, (C) ADC maps and (D) FA maps of the macaque brain 3 hours after 
MCA occlusion [12]. An acute stroke lesion is clearly seen as the bright region on the left side of the diffusion weighted images and the cor- 
responding dark region on the ADC maps. 



cay times of 15 0 (2 minutes) and 18 F (1 10 minutes). The dual 
tracer technique is especially important in the monitoring of 
stroke evolution as perilesional regions that show an uncou- 
pling of CBF and CMRglu (decreased CBF and increased 
CMRglu) are identifiable as potentially salvageable brain 
tissue, as demonstrated in studies of nonhuman primates [5, 
17, 18]. In cynomolgus macaques, within approximately 90 
minutes of MCAo decreased CBF and CMR02 were ob- 
served in the subcortical MCA territories while OEF was 
increased in the cortex in both the transient and permanent 
occlusion models [19]. Subsequently, both OEF and 
CMR02 were decreased in the hyperperfused cortex herald- 
ing reperfusion injury. In direct contrast to this result, Pap- 
pata, et al. [20] also showed that CBF was decreased after 
MCAo in the occluded territory (transient occlusion) of ba- 
boon brains but, the OEF was increased in this territory for 
up to 3 hours after occlusion. After 3 hours a decline in OEF 
was coincident with a decline in CMR02. In this study, 
CMR02 was found to be the best predictor of reversible or 
irreversible ischemia [17]. Apart from the occlusion duration 
and or early reperfusion, the initial severity of the ischemic 
insult is also known to determine the fate of the tissue is at 
risk [21]. 

MRI Methods 

MRI is an attractive modality for monitoring stroke in 
NHP both because of its ability to measure a variety of dif- 
ferent tissue parameters as well as its fairly widespread 
availability to monitor human stroke (thus improving the 
'translatability' of the imaging findings to the clinic). One 
challenge to working with NHPs is the need to immobilize 
the animal and this is generally achieved using anesthesia. 
This provides a special difficulty for MRI because of the 
limited access to the animal inside the magnet bore as well 
as the obvious need for non-magnetic anesthesia equipment. 
MRI scanning sessions also tend to be much longer than CT 
scans and even most PET scans. However with proper anes- 
thesia and physiological monitoring, NHPs can be subjected 



to long imaging periods (up to six hours) [12]. Another ma- 
jor challenge with the use of MRI, that is not an issue for 
PET or CT, are image artifacts in the brain that can occur 
due to surgery to the head. Trapped air pockets within the 
tissue as well as pooled blood, clots and even extensive scar 
tissue can locally distort the magnetic field causing signal 
loss and geometric distortions, especially in the rapid diffu- 
sion and perfusion imaging scans. The most common solu- 
tion to this problem is the use of one of the intravascular 
stroke models described above (in fact the desire to use MRI 
has often driven the development of such models). Neverthe- 
less, recent work has shown that more invasive surgical 
stroke models may still be used in combination with MRI 
scanning by modifying the diffusion MRI acquisition details 
to reduce the sensitivity to magnetic field distortions [22]. 

Diffusion MRI 

The current state of the art non-invasive clinical imaging 
modality for the assessment of stroke is diffusion weighted 
magnetic resonance imaging (DWI). Cell membrane depo- 
larization followed by cell swelling (cytotoxic edema) occurs 
within minutes of stroke onset, the hypereacute (0-4 hours 
post stroke) stage [23]. Later on, approximately 8 hours post 
stroke induction, there is increasing accumulation of water 
(vasogenic edema) within the lesion followed by widespread 
tissue energy failure that allows characterization of the tim- 
ing and severity of the ischemic injury [24, 25]. While cyto- 
toxic edema is visible in the acute diffusion images as areas 
of increased signal intensity indicating reduced apparent 
diffusion coefficient (ADC), vasogenic edema is more easily 
appreciated in the T 2 weighted images and, depending on 
severity, may be accompanied by the attendant midline 
shifts, brain herniation and ventricular compression [11]. In 
addition to DWI, a variant of this modality, diffusion tensor 
imaging (DTI) more accurately measures the 3-dimentional 
characteristics of water diffusion in tissue. DTI also yields 
measures of the directional dependence, or anisotropy, of 
tissue water in the vicinity of axons [26]. The DTI derived 
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Fig. (4). Graphs of ADC (A), T2 (B) and stroke lesion lesion volume in the macaques' brains (measured from the ADC maps in the acute 
stage and the T2 weighted scans in the chronic stage), all normalized to their respective baseline value after 3 hour or permanent MCA oc- 
clusion [12]. 



fractional anisotropy (FA) parameter is uniquely sensitive to 
white matter myelination and white matter damage but gen- 
erally shows little change (or in some cases a slight increase 
[25]) within the stroke region during the hyperacute phase. 

Fig. (3) shows T2, diffusion weighted images, ADC and 
FA maps (6 slices) of the brain of a cynomolgus macaque 
that was subjected to three hours of MCA occlusion. An 
acute stroke lesion is apparent in all slices of the brain in the 
diffusion weighted images (hyperintense region) are the 
ADC maps (hypointense region). There are no obvious 
changes within the stroke region on the T2 weighted images 
or FA maps [12]. 

Diffusion MRI of Stroke Evolution 

Multiparametric MRI indices, reflecting cerebral ische- 
mia formation, in the hyperacute through the chronic stroke 
period (MCA occluded either for 3 hours or permanently) 
demonstrated that the evolutionary course was similar to that 
of stroke in humans [12], see Fig. (4). ADC is decreased in 
the hyperacute period and elevated during the subacute 
through chronic period. T2 remains essentially unchanged in 
the hyperacute period but, increases dramatically during the 
subacute period when there is accumulation of water (vasog- 
enic edema) in the infarcted tissue. The timecourse of 
changes for permanent stroke is similar but delayed com- 
pared to 3hr (MCAo) reperfused stroke. Fig. (5) shows CSF- 
suppressed T2 weighted (FLAIR) images of a macaque's 
brain showing a large stroke that resulted in herniation and a 
midline shift. Gross sections of the excised brain show a 



hemorrhagic core within the lesion, that was also seen on the 
stained histology sections. 

MRI Perfusion Imaging 

MR perfusion weighted imaging (PWI) commonly uses 
dynamic susceptibility weighted imaging to track an intrave- 
nous bolus injection of a Gadolinium based MR contrast 
agent. Mathematical modeling of these data yields relative 
perfusion indices such as cerebral blood flow (rCBV) and 
volume (rCBV), time to peak (TTP) and mean transit time 
(MTT) [27, 28]. During cerebral ischemia, these indices are 
used to identify perfusion deficits and often compared to the 
area of initial diffusion decrease in order to isolate poten- 
tially salvageable tissue (diffusion-perfusion mismatch). 
While this approach is valuable for assessing tissue at risk in 
acute stroke, it is not widely used in the clinics outside of a 
few major academic centers because of challenges with con- 
sistent data acquisition and analysis. There have been several 
studies involving PWI in rodent stroke models [29-31] but 
limited work in nonhuman primates [32]. The need for rapid 
imaging generally requires a tradeoff with reduced spatial 
resolution and/or signal-to-noise ratio. 

Arterial spin labeling (ASL) is an alternative MRI perfu- 
sion technique which utilizes the subject's blood as a con- 
trast agent by magnetically labeling the water protons in the 
blood (plasma) prior to it entering the imaging region. This 
perfusion methodology is attractive because it requires no 
external contrast agent administration and renders quantita- 
tive perfusion indices [33]. ASL acquisition may be per- 
formed with either a continuous arterial spin labeling or a 
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Fig. (5). Coronal images of the brain of a macaque that suffered a large stroke [11]. Top: In vivo FLAIR-T2 weighted MRI at day 10 show- 
ing herniation, mass effect and midline shift. Lower left: Gross coronal sections show tissue distortion, an obvious midline shift and some 
minor hemorrhage in the stroke core. Lower right: Hematoxylin and Eosin, luxol fast blue and myelin basic stained sections show a large 
area of necrotic tissue. 



pulsed arterial labeling scheme. Each scheme has its particu- 
lar advantages and disadvantages and several radiofrequency 
pulse schemes have been devised to optimize image signal to 
noise (SNR) ratios [34]. The relatively low signal-to-noise 
(SNR) ratio inherent in this technique can also be overcome 
by using a dedicated radiofrequency coil to perform the 
magnetic labeling of the flowing blood with a separate local 
receive coil to optimize image SNR and spatial resolution. 
The benefits and the drawbacks of a three coil system have 
been demonstrated in a study of rhesus macaques by Zhang, 
et al. [35] who performed combined quantitative CBF and 
BOLD measurements under hypercapnic and hyperoxic con- 
ditions. In addition, another group of researchers (also using 
ASL) measured increased CBV during visual stimulation 
and globally increased CBV after intravenous Aceta- 
zolomide injection in cerebral gray matter in macaques [36]. 
ASL has also been used to monitor the CBF-diffusion mis- 
match during MCAo in rhesus macaques [37]. It was re- 
ported that the CBF lesion volume remained constant over 
six hours while the ADC lesion volume steadily increased to 
equal that of the CBF lesion volume. This finding reiterates 
what has been demonstrated in many rodent and human stud- 
ies, that there is potentially salvageable tissue around the 
periphery of the lesion core that could be saved by reperfu- 
sion or by treatment with novel neuroprotective compounds. 

Combining Stroke Imaging Data 

So far, our discussion has touched on the many MRI pa- 
rameters that can be measured during stroke evolution and 
the different information that each provides. Typically each 
type of scan is analyzed separately. Approaches have been 



introduced to combine multiple types of MRI scans (DWI, 
PWI, T2-weighted) to classify tissue types (e.g. core, periph- 
ery, normal brain) and predict the ultimate tissue fate (e.g. 
infarct, recovery). A common approach uses an iterative self- 
organizing data analysis (ISODATA) technique [30, 38-40]. 
The ISODATA method was used to analyze multiparametric 
MCAo data (on a voxel by voxel basis) from cynomolgus 
macaques [41]; ADC, fractional anisotropy and T2 maps 
were combined and cluster analysis showed different signa- 
tures for lesion core and rim as well as between transiently 
and permanently occluded brains, Fig. (6). 

Functional Magnetic Resonance Imaging (fMRI); Cur- 
rent and Future Applications 

Several investigators have studied functional MRI Blood 
Oxygenation Level Dependent (BOLD) contrast in order to 
map neurovascular activity in nonhuman primates. Anderson 
et. have developed a robust fMRI protocol in rhesus ma- 
caques to study pharmacologically evoked responses in rela- 
tively large groups of animals and compared the results 
within and across groups [42]. CBV (during visual stimula- 
tion) was measured in awake, behaving macaques using an 
iron contrast agent (MION) and this study showed that there 
was enhanced detection of functional changes in CBV with 
MION in the blood pool compared to the innate blood oxy- 
gen dependent ( BOLD) changes, due to the slower response 
in BOLD-CBV [43, 44]. A similar study (also in awake be- 
having macaques) was carried out at 7.0 Tesla, which capi- 
talized on the increased signal to noise benefit of the high 
field scanner, to acquire functional CBV and BOLD scans at 
high resolution (500 um inplane resolution) [45]. CBF in 



222 The Open Neuroimaging Journal, 2011, Volume 5 



D'Arceuil and de Crespigny 




Fig. (6). Example of cluster analysis of serial T2 and DTI scans after transient (3 hrs) MCAo in macaque brain [41]. ADC (A) and FA (B) 
maps at 30 minutes after occlusion showing the hyperacute ADC reduction in the initial ischemic lesion. T2-FLAIR image (C) at 30 days, 
showing the final extent of the stroke lesion in this slice. Cluster map (D) based on serial changes in these parameters identifies normal brain 
(blue) lesion core (purple) and rim (yellow/orange). 



cortical gray matter was shown to increase to approximately 
1.5 times baseline during stimulation. 

A key advantage of nonhuman primate fMRI studies is 
the ability to train animals to tolerate MRI scanning without 
the confounds of anesthetic restraint [46]. This is particularly 
challenging to translate to the study of acute stroke since 
anesthesia is typically required for stroke induction. Looking 
ahead, animals will have to be trained to tolerate MRI scan- 
ning prior to implantation of an indwelling catheter for 
thrombus deployment. Implantation of an indwelling cathe- 
ter and stroke creation in awake baboons has been demon- 
strated by Spetzler et al, [47]. After recovery from surgery, 
the animals will then need re-habituation for MRI before 
stroke creation within the MRI can be effected. Nevertheless, 
there is currently a technique that can assess the functional 
status of the brain post stroke in anesthetized animal. 'Rest- 
ing State' -BOLD fMRI signals have been recorded during 
hyperacute focal cerebral ischemia in anesthetized macaques 
and it was reported that the region of abnormal signal fluc- 
tuations extended beyond the boundaries of the ischemic 
ADC-CBV regions [48] possibly representing hyperexcita- 
bility in dysfunctional tissue (resolves in time) which is 
known to develop both surrounding and remote to the stroke 
lesion [49]. 

Sodium MRI 

Endothelial cell injury and loss of blood brain barrier 
integrity following stroke results in the accumulation of wa- 
ter and solutes in the extracellular space due to changes in 
cell membrane permeability, allowing a shift in the extracel- 
lular/intracellular sodium concentration gradient. The pro- 
gressive influx of extracellular sodium after stroke in NHPs 
has been measured using sodium MRI and this may allow 
calculation of the length of time post-occlusion that the tis- 
sue has been ischemic and/or the severity of the ischemic 
episode [13, 50]. In studies by Thulborn et al tissue regions 
with sodium concentrations greater than 70 mmol/L were 
found to be infarcted at histology [50]. It has also been re- 
ported that the linear increase in intracellular sodium concen- 
tration is halted by reperfusion [13]. Sodium MRI may prove 
complementary to techniques such as diffusion and perfusion 
MRI which are very early indicators of cerebral ischemia. 

Magnetic Resonance Spectroscopy 

Proton magnetic resonance spectroscopy (HI MRS) 
gives biochemical information about tissue metabolites such 
as choline (Cho), creatine (Cr) and N acetyl aspartate 



(NAA). Changes in these metabolite concentrations (e.g. 
with disease) are generally expressed as changes in the ratios 
of one metabolite signals with respect to another, since the 
measurement of absolute concentrations is challenging. In 
human stroke it has been reported (HI MRS) that there are 
reduced Cho/Cr and increased NAA/Cho ratios in the perile- 
sional tissue in the acute stroke period [51]. In primates, re- 
gionally, significantly decreased NAA/Creatine in a penum- 
bral region (within the thalamus) was coincident with histo- 
pathology and optically measured neuronal density findings 
[3]. The authors suggested that HI MRS can be used as a 
marker for neuronal loss in vivo. 

SUMMARY 

We have surveyed the literature on tomographic imaging 
in nonhuman primate stroke models. While some work has 
been done using CT, this modality is more limited in is abil- 
ity to fully characterize ischemic tissue compared to PET and 
MRI. While brain perfusion can be measured by CT, more 
robust data can usually be obtained using PET or MRI. A 
few studies have used PET to image acute and chronic meta- 
bolic disturbances following experimental stroke, however 
as for its use in the clinic, these studies can be more chal- 
lenging (and expensive) to perform compared to the use of 
MRI. While PET can be a useful tool to measure oxidative 
metabolism following stroke, and has been used in several 
NHP studies described above, such studies are challenging 
due to the need for a cyclotron to produce the short lived 15 0 
isotope as well as (usually) the need for serial arterial blood 
sampling and the relatively high cost. As a tool for mapping 
metabolic disturbances following stroke in NHP, MRI ap- 
proaches are likely more convenient for most studies. The 
real advantage of PET for NHP stroke studies may lie in the 
application of some of the wide range of highly specific n C 
and 19 F PET tracers, which have been used to map a variety 
of brain processes in both human and nonhuman primates in 
the fields of psychiatry and neurodegeneration. 

The bulk of the more recent imaging literature on NHP 
stroke has made use of various magnetic resonance based 
approaches including conventional T2-wt MRI as well as 
diffusion, perfusion and sodium MRI, functional MRI and 
magnetic resonance spectroscopy. There seems little doubt 
that MRI is currently the method of choice for such studies, 
as indeed it is for clinical stroke. Clinical MRI technology 
continues to evolve, with higher field systems and multi-coil 
receiver technology, both providing better quality images of 
the smaller nonhuman primate brain. The high quality fMRI 
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scans now obtainable from awake behaving primates may 
allow investigators to minimize the need for potentially con- 
founding anesthesia in primate stroke studies. This would 
also open the door for the use of fMRI as a adjunct or re- 
placement for neurological assessment following stroke. 
Such imaging advances may help to further increase the 
value of NHPs in stroke research. 
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